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ABSTRACT
There is tremendous need to integrate carbon fiber composites for light-weighting in the
transportation sector, especially for automotive composites and in energy generation space
associated with wind turbine manufacturing. Tensile properties of carbon fibers are fundamental
to designing fiber reinforced polymers and carbon/carbon composites. Carbon fiber suppliers
typically follow general guidelines prescribed in the relevant standards (ASTM D4018) to
prepare resin reinforced carbon fiber tows for determining the tensile properties. In this study,
the effect of manufacturing process associated with carbon fiber tows was evaluated using two
methods involving manual tensioned strands or using automated spool method. Important effects
associated with fiber spacing, cross-sectional morphology of the infused tows are reported in this
study. Single fiber mechanical properties are determined to obtain relationship from multiple
length scales and the role of interfacial behavior between the carbon fiber and resin system using
single fiber fragmentation. These results, for the first time, revealed important relationships
between single fiber, interface, and infused tow based mechanical properties. A new concept for
deformation response of infused tows, limit stress, demonstrated a connection in the nonlinearity
nature of tensile modulus seen for carbon fibers in single fiber state and in tow format. Limit
stress showed good representation of the relative role of relationships (interfacial behavior, crack
propagation, and stress transfer) from limit stress to failure stress.
Three low-cost precursors, oxidized PAN, and carbon fiber, from the Carbon Fiber
Technology Facility with differences in spin finish and/or tenacity are studied in detail through
various stages of oxidative stabilization and carbonization to develop improved understanding of
the precursor properties and final textile PAN based carbon fiber properties. A systematic
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approach consisting of DSC, TGA, FT-IR, XRD, single fiber testing, and infused tow testing
were considered in evaluating the process-structure-tensile property relationship for the three
precursors. The results identified the role of spin finish and tenacity on the performance of lowcost carbon fiber. This part of the research provides an important conclusion that the carbon fiber
manufacturing process using textile PAN precursors is industrially robust and is not strongly
dependent on precursor tenacity or surface finish.
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INTRODUCTION

Carbon fiber reinforced composites have a variety of structural and functional
applications. The superior mechanical properties (high strength and modulus) of carbon fiber is
very appealing to a variety of markets such as aerospace and automotive. Due to the
requirements of passenger safety for these markets, there is potentially high risk in using
materials that are not well-understood. Thus, an understanding of material behavior on both a
micro and macro scale is critical. Previous work has led to the establishment of standardized
testing procedures for carbon fiber tows, such as the ASTM D4018 standard. Within this
standard, there are various acceptable manufacturing protocols for infused carbon fiber tows that
could lead to potentially widely varying tensile properties that are often reported by the carbon
fiber manufacturers. For example, the method of infusing a tow of carbon fiber can be either
manual or automated leading to widely varying results in tensile properties due to fundamental
differences in the microstructure and relative tautness of single filaments within an infused and
cured composite tow. The manufacturing process of infused tows could have a profound effect
on the mechanical properties and thus needs to be further analyzed. It is well-known that an
infused tow is one of the simplest cases of a composite. However, it is not well-known how
infused tow properties translate from single fiber properties. Chapter 1 focuses on the
relationship between single fiber and tow properties by studying how manufacturing methods
allowed under the ASTM D4018 standard lead to variations in such properties.
The high cost of carbon fiber has often hindered adoption by high volume markets such
as that of the automotive industry. In response, low-cost carbon fiber or textile carbon fiber
1

precursors are under development. For example, the polyacrylonitrile (PAN) that is used in lowcost carbon fiber at the Carbon Fiber Technology Facility (CFTF) is textile-based and is typically
used in carpet manufacturing. Using textile-based PAN can lead to challenges that might not be
encountered with traditional commercial PAN. To develop a better understanding of this textile
fiber a systematic study of the conversion process relating to the thermal-mechanical properties
at various stages within the conversion was undertaken. Chapter 2 focuses on the effect of spin
finish and/or tenacity on the overall carbon fiber properties.
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CHAPTER 1
MULTISCALE INVESTIGATION OF CARBON FIBER PROPERTIES
USING VARIOUS TECHNIQUES
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This chapter is a slightly revised version of a paper with the same title submitted for the
Journal of Composites Science and Technology in 2019 by Joshua D. Crabtree, Matt Kant
Dayakar Penumadu, and Stephen Young.
My primary contributions to this paper include: (i) development of the problem into a
work, (ii) identification of the study areas, (iii) gathering and reviewing of literature, (iv)
sampling, processing, and analyzing data from various methods of testing, (v) pulling various
contributions into a single paper, (v) most of the writing.

Abstract
In the work presented here, mechanical properties of a commercial 24k carbon fiber were
obtained by single filament, single fiber fragmentation, and tow bundle testing in flat and round
geometrical formulations. The impregnated tows were found to have a tensile strength of 5,200
MPa for round geometry and 4,900 MPa for flat geometry. The relatively small variation in
strength suggests that despite a significant alteration of sample geometry (and therefore fiber
packing), variations in fiber load sharing do not significantly affect the mechanical performance
of UD impregnated tows with adequate interfacial shear strength between fiber and resin. Single
fiber fragmentation testing was performed to study the interfacial shear strength (IFSS) between
the fiber and resin. The results indicate a 22 MPa IFSS with a fracture length of 438 μm. Single
fiber tensile tests reveal a failure stress of 4,400 MPa, about 20% less than the tow tests. Limit
stress is a new approach to define the strength of carbon fiber tows based on single fiber elastic
behavior being non-linear with tensile strain. This technique yielded a stress comparable to the
failure stress of single fiber demonstrating potential interfacial behavior. Lastly, a discussion of
4

carbon fiber mechanical performance with respect to structural hierarchy qualitative and
quantitative interpretation is included.

1.1 Introduction
Carbon fiber reinforced polymers (CFRP) have great importance for future and current
transportation industries due to their high strength-to-weight ratio and good chemical resistance,
both of which are attractive features for improving energy efficiency and durability. However,
defining the mechanical properties of heterogeneous, non-linear, and statistically dependent
structures such that even simple material selections and performance predictions can be done
reliably has proven more elusive than conspicuous. Issues arise from mechanical complexities
derived from increasing orders of structural hierarchy coupled with manufacturing processes, i.e.
fiber  bundle  impregnated UD tow  multi-directional composite. When defining material
performance, specifically in the constitutive relationship, standards and industrial conventions
circumvent the initial, pure compositional states by preparing impregnated tows. Thus,
commonly documented carbon fiber material properties are of composite tests, rather than the
constitutive materials. This technique is well established in ASTM and ISO standards to evaluate
mechanical properties, specifically modulus and strength, of continuous carbon fiber strands and
has many sound advantages: (1) it is technically simple to prepare and execute, (2) the results are
reproducible with small %CV, allowing for qualitative performance comparison to establish
reliable quality controls, and (3) fibers will ultimately be formed into composites parts in which
the impregnated tow constitutes a meso-structural entity. However, significant drawbacks exist
as well in that the actual fiber properties are embedded in the composite itself as a combination
of interfacial behavior and statistical distributions (i.e. fiber bundle) of uniformity, modulus, and
5

strength. As a result, one must determine ambiguously if the impregnated tow test accurately
describes the performance of an embedded structural unit inside a composite part subjected to a
wide range of potential manufacturing conditions. It is well-established that discrepancies
between fiber and tow mechanical performances using standardized approaches exist. A ~20%
increase in measured failure stress is common from the average (N≈38) single fiber test to the
impregnated tow test. Hence, the tow test is not conservative relative to single fiber performance,
which suggests that performance modeling of composite parts using mechanical properties
derived from the conventional standards would result in a non-conservative prediction of actual
performance. Moreover, this draws into question the validity of fiber performance metrics,
specifically for the novel, newly developed Low-Cost Carbon Fibers (LCCF) [1], when using
standardized approaches to validate and compare mechanical specifications.
In this study, a multiscale investigation of a commercial 24k carbon fiber tow utilizing
hierarchical levels of mechanical characterization including single fiber tensile testing, single
fiber fragmentation, and impregnated fiber strands is used to evaluate the structure-property
relationship for carbon fiber tows [2-4]. The mechanical properties from impregnated strands
described herein were obtained by two conventional, albeit different, techniques commonly used
by major industrial carbon fiber suppliers both which satisfy ASTM and ISO standard
requirements. A novel empirical variable extracted from the impregnated tow stress/strain
relationship is developed here, which draws on the fundamental non-linear elastic constitutive
behavior of carbon fibers to decouple the fiber/matrix interfacial mechanical interaction during
tensile testing.

6

1.2 Materials and Methods
1.2.1 Materials
A commercially available, standard modulus 24k carbon fiber, Epon 862 epoxy matrix
with the viscosity reducing additive Cardura E10 (6.49:1), and Epikure W (3.9:1) bisphenol-F
hardener were selected for this study. Impregnation of tows was performed using 2 different
methods compliant with ASTM D4018-11 standard, specifically a manual (Method 1) and an
automated (Method 2) method [5-9]. Method 1, detailed in Figure 1, wets fibers by manual
immersion of the fiber tow in a resin reservoir. Sufficient time and careful perturbation was
provided to assure complete fiber wetting. To initiate collimation and allow the 42 in. tow to be
easily drawn through a 1.55 mm diameter nozzle (Wilton #2) for excess resin removal, the tip of
the tow was submerged briefly in acetone. After resin removal, the tow was mounted to a custom
aluminum rack, which clamped the ends of the tow maintaining tension during the oven curing
process.
Method 2, demonstrated in Figure 1, used automated impregnation by a custom machine
with variable winding speed ability to pull tows through a resin bath, squeeze off excess resin
through multiple roller paths, and wind the composites tows under tension on a rack for oven
curing. The rollers play a critical role to tension the tow and allow collimation while thoroughly
wetting and maintaining resin content. For both methods the strands were cured in the oven at 93
°C for 1 hour and then ramped up to 180 °C for 1.5 hours, after which 9 in. specimens for tensile
testing were extracted. Unsized samples were made by desizing 42in lengths of tow with
acetone. The samples were infused and cured using the manual method. Lastly, dry fiber tows
without resin were prepared on the automated instrument such that the tow was tensioned and
7

collected onto the spindle without passing through the resin bath [10]. The cross section of the
fiber tows was determined by dividing Mass per Unit Length (MUL) by the fiber density
obtained from a gas pycnometer (AccuPyc II 1340). The resin content for method 1 was
determined using equation 1 where MULi is the mass per unit length of consolidated fiber [5].
𝑅𝐶 = 100 ∗ (1 −

𝑀𝑈𝐿
)
𝑀𝑈𝐿𝑖

(1)

1.2.2 Imaging
Short axial regions of the infused flat and round tows were imaged using optical
microscopy (Keyence VHX-2000E). Scanning electron microscopy (SEM, Leo 1525) was used
to view the cross-sectional areas and diameters of single filaments.
1.2.3 Mechanical Testing
1. Single Filament
Thirty-eight individual single carbon filaments were evaluated using a MTS Nano
Bionix Universal Testing Machine (UTM) based on ASTM C 1557-03 and ISO 11566
standards shown in Figure 3. The Nano UTM allows for precise mechanical property data
(1nm displacement and 50nN load resolution) governed by a capacitance gage for
displacement and electromagnet to apply load at Nano-resolution [11-15]. The diameter
of the single filaments was obtained with the SEM. Following mechanical testing, a two
parameter Weibull distribution method was used to evaluate tensile mechanical behavior
[16].
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2. Single Fiber Fragmentation
Eleven SFFT specimens were prepared, where a pretensioned single fiber using a
metallic weight was embedded into the resin using a dogbone shape aluminum template
shown in Figure 3. The SFFT, based on techniques used in prior studies [17-19], was
performed using a custom mechanical load frame where a micro tensile load was applied
to the specimen until saturation and fiber fractures were observed utilizing a polarized
light microscope (Olympus BX53M). Fiber fractures and delamination zones are
measured at saturation, where the length of fractured fibers is used to determine the
interfacial shear strength using the Tyson-Kelly equation:
𝜏=

𝜎𝑓∗𝑑
2 ∗ 𝑙𝑐

(2)

Where  is the interfacial shear strength (IFSS), f is the failure stress of the fiber, d is
the diameter of the fiber, and lc the critical length of the fiber[18].
3. Mechanical Testing of Tows
The carbon fiber tows strands (Figure 3) derived from manual (10 samples),
automated (12 samples), unsized (9 samples), and dry methods (12 samples) were
mechanically tested using a 25 kN load cell capacity MTS servo-hydraulic with a
crosshead rate of 30 mm/minute. Tow samples were sandwiched with epoxy between
glass fiber (G10) composites tabs at the ends creating 150mm gage regions for tensile
testing. The glass fiber tabs were gripped in hydraulic jaws at 1 ksi. A 1 inch gage length
clip extensometer (MTS 634, 12E-24) was centrally attached along the axis of the
sample for strain measurement [20]. Data was acquired at 100 Hz for all tow samples
tested here. To compare the performance of the tows, a linear density/density based
9

cross-sectional area measurement was used. The average fiber diameter was
approximated by assuming the tow comprises of 24k round filaments. Acoustic emission
(Mistras Micro II digital AE system) was used in conjunction to tensile testing. Sensors
were placed on the bottom tab without touching the grips. The acoustic emission was
started 5 seconds before the tensile test to gather baseline noise to ensure accurate data
analysis of the noise and hits received.

1.3 Results and Discussion
1.3.1 Single Fiber Analysis
Single fibers were tested to give a baseline understanding of the commercial fiber being
used. The impact of the single fiber properties on the proposed limit state stress is very important
and needed to be determined accurately with the Nano UTM. Assuming the weakest link theory
applies, Weibull analysis (Figure 5) was performed giving shape and scale parameters 4.5905(m)
and 4849(σ0) respectively. Single fiber fragmentation testing (SFFT) demonstrating the
interaction of the interface showed a IFSS of 27.01 MPa due to the high number of fractures with
an average fragmentation length of 438.5 μm shown in Table 1. The delamination zones are quite
minimal suggesting suitable adhesion between fiber and resin. This phenomenon can be further
observed as shown in Figure 5 where the birefringence from resulting strain shows local stress
propagation into the resin [18]. In comparison with other reported data (roughly ~45 MPa), this
IFSS and fragmentation length is low [21].

10

1.3.2 Cross-sectional area comparison using Density/Linear Density and SEM
To determine the failure stress of the infused samples, a cross-sectional area of the fiber
is required. The typical method used is taking the fiber density and dividing it by the fiber linear
density. Table 2 shows fiber diameter comparisons based on two approaches using density-based
measurements and scanning electron microscopy (SEM) shown in Figure 6. The general linear
density and density approach estimated an individual fiber diameter of ~7.04 microns. Fiber
diameters were measured using an image processing software (ImageJ) for thirty fibers
averaging to 7.12 microns showing good agreement with linear density approach based on the
ASTM standard method.
1.3.3 Infused tow analysis
The average failure stress, taken as the maximum stress achieved during tensile
extension, was 5,202 ±102 MPa for the round tows prepared by manual method and 4,904 ± 237
MPa for flat tows prepared by the automated method. A two-sample t-test with respect to the
average failure stresses with the zero-null hypothesis gives t=3.94 and less than 1% probability
the hypothesis is true, suggesting the difference of these means is statistically significant and that
the round tow will produce statistically higher failure stresses for the same fiber, matrix and
curing cycles. Furthermore, the %CV in failure stress for the flat tow was 4.8% against 1.9% for
the round tow, which indicates the creation of more surface area leads to an increased probability
of random surface crack initiation, indicating that the reduction in failure stress observed was a
result of the augmented cross-section. The average moduli of the round and flat are 229 ± 3 and
231 ± 4 GPa, respectively. However, a t test for the these means t=1.34 indicates there is
insufficient evidence to reject the null hypothesis that the means are equal. Figure 7 demonstrates
11

the distribution of the failure stress and modulus data for the round and flat tows, and visually
reinforces conclusions obtained from the statistical analysis.
Composite stress/strain and modulus/strain curves of round, flat, and dry tows were
created by interpolating the data to a common strain increment and averaging the corresponding
stresses and are presented in Figure 8. This procedure provided the most simplified and suitable
basis for contrasting the performance of the tows without the individual, stochastic differences
between single test specimens. It is important to note that due to the heterogeneous microstructure and internal stress distributions in impregnated tows, there results sudden strain jumps
associated with development and propagation of cracks occurring along the gage length, thereby
inducing discontinuities in the stress/strain relationships. Local discrete differentiation over a
strain window of 0.0004 causes strain discontinuities to be apparent through large sudden drops
in the modulus as shown in Figure 8.
In order to account for stochastic strain discontinuities in the mechanical behavior and
produce an accurate summary of the mechanical response, composite curves of all the samples
tested here were made by averaging interpolated stress values. The composites stress/strain
curves with respect to the unmodified data is given in Figure 9. Initially, at low stresses, all the
tows behave similarly, but as the stress magnitude increases and random failures occur with the
individual strands, the responses begin to separate, which appears as a fanning out of the data at
high stress levels in Figure 9.
Using the composite stress/strain curves, modulus curves were produced by linear fit over
a strain window of 0.0004 and are given in Figure 10 A & B for multiple tow types. The
stress/strain behavior of all tows (dry and impregnated) and single fiber are initially identical, but
12

with increasing stress magnitude the dry tow begins to decrease in modulus and fall below the
single fiber and impregnated tows. However, comparing the single fiber tensile stress/strain
relationship with that of the resin impregnated or dry fiber tows, a deviation is noticed at high
strain magnitudes such that single fiber modulus continues to increase, while tow moduli
decrease.
The tensile mechanical behavior of a single carbon fiber of any precursor is most
accurately described as non-linear elastic up to failure, the peak load achieved during tensile
extension [12, 13]. As such, the modulus is typically described by a linear relationship with
strain as in Eq. 3, where E0 and E0 are the slope and y-intercept, respectively.
𝐸(𝜀) = 𝛾𝐸0 + 𝐸0

(3)

This relationship indicates that the modulus continuously increases at the same rate with strain
until failure. This stiffening behavior of single fibers in Figure 10B has been measured in this
work without the reliance of discrete data differentiation but rather using the dynamic testing
approach previously introduced [13]. Furthermore, if the modulus is linear, the axial stress/strain
response is best modeled as parabolic. Composite modulus/strain curves demonstrating the
average of 35 single fiber tensile tests in Figure 10B, clearly represent the increasing modulus
with strain up to sample failure. Hence, for a single carbon fiber in axial extension the modulus
is continuously increasing.
The deviation of tensile mechanical response of the composite fiber tows and single fiber
can be used to define a new stress parameter, stated for the first time here as the limit stress,
which indicates the accumulation of inter-fiber effects and damage overtaking the stiffening
effect related the constitutive behavior of single carbon fibers. Similar to the yield stress in
13

ductile materials indicating the ceasing of elastic material response, the limit stress indicates the
ceasing of the non-linear elastic response. A graphical technique was developed here to
determine the limit stress and was applied to three composite tows (flat tow, round tow, unsizedround tow) of different manufacturing origin to produce predictable and observable changes. The
following steps outline the procedure used for calculating the limit stress on a composite tow:
1. The initial slope of the modulus is determined by best fit of the modulus data.
2. The linear fit modulus is integrated to produce an approximated non-linear elastic
stress/strain relationship.
3. The approximated stress/strain relationship is offset from the measured stress/strain
response. (A 0.0002 strain offset was used in this study.)
4. The crossing point of the approximated stress/strain data and the actual measured
stress/strain data is calculated, giving the limit stress.
This could also give insight on the interfacial properties of the fiber and resin. The authors
hypothesis is that when you have good interfacial behavior this leads to better stress distribution
and vice versa. A lower limit stress demonstrates that the sample deviated from nonlinearity
sooner than that of a higher limit stress. For example, the round tow and the unsized round tow
were manufactured in a very similar fashion so that the only difference is the presence/absence
of sizing. This represents strong interfacial difference between the samples. The nonlinearity
shown in Figure 11 B and C demonstrates that the unsized tow composite demonstrates
mechanical properties closer to the true properties of the single fiber. This could be due to the
potential delamination that occurs when cracks propagate leading to less load sharing through the
matrix. This allows the fibers in the unsized sample to behave more like remotely-loaded single
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fiber. The distribution of stress is affected by this change in the interface which manifests itself
as a decrease in limit stress from the round tow to the unsized round tow. This behavior is not
noticeable in the ultimate failure stress. Further study will be required to better understand this
phenomenon.
Acoustic emission (AE) is a non-destructive evaluation technique used to analyze fractures or
defects. A few tensile tests were performed with AE to gain more confidence of the limit stress
parameter proposed by showing fiber fracture before failure. Figure 12 shows a single example
test for the various tow tests completed with acoustic emission. The round and flat tows show an
increase in the acoustic energy starting at ~1.5% failure strain indicating that fracturing is
occurring within the sample but is not yet shown as a drop in load. The unsized round tow has
extra peaks in the acoustic energy before failure which potentially demonstrates bundles of fiber
breakage at once or extensive crack propagation through the sample. This information suggests
that AE may be able to identify interface-based failures are not otherwise easily captured through
the gathered stress-strain data. Further studies using AE could be used to isolate the fiber
breakage signature peaks from matrix cracking to develop a better understanding of when fibers
are fracturing.
It is also important to investigate variations in the other mechanical properties of the various
methods studied. An understanding of the effects of the manual and automated methods is of
interest due to both being allowed within the standard. The flat infused tow has a lower ultimate
failure stress (~280 MPa) than the round infused tow shown in Table 3. The flat tows had a
higher standard deviation than the round tows which indicates the consolidation of the manual
round tows is more consistent than that of the automated flat tows. This could be attributed to
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difference in cross-section geometry between round and flat samples shown in Figure 13. The
stress transfer capability within the flat infused tows could be hindered due to the non-constant
distance from edge-to-edge. The round infused tows have a more uniform edge-to-edge distance
to reduce stress concentrations at the edge, which could help improve the stress transfer from
fiber to fiber thus improving the round tow tensile strength.
Another significant potential for variation between the methods is the tensioning of the tow
during the manual and automated processes. Figure 14 shows an example of potential nontensioned fibers in the carbon fiber tow after being impregnated, tensioned, and cured. This
could affect the overall mechanical properties of the infused tow due to unused energy (example
of the inter-fiber interaction discussed in the limit stress section). Once the infused tow is cured
with some non-tensioned individual fibers, the load at first fracture is expected to decrease as the
non-tensioned fibers will not fully bear the load. Consecutive fractures will occur at lower loads
as the load is shared with the surrounding un-failed fibers. It is feasible to expect that greater
plasticity will occur, as the non-tensioned fibers become elongated during loading. These unfailed fibers will continue to bear load, but the global stress will remain low until final fracture.
This would be especially true for the dry tow and explains the decreased failure stress. This also
could have a compounding effect on the tensile strength when considered alongside the crosssectional area variation previously discussed.

1.4 Conclusions
A multiscale analysis using commercial carbon fiber was performed including single
fiber, single fiber fragmentation, and impregnated fiber tow testing. The carbon fiber single
filaments were assumed to be round, which was confirmed using SEM and optical microscopy.
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The ASTM D4018-11 standard was used to prepare the impregnated fiber tow samples using the
suggested automated and manual methods. There was about a 6% increase from the automated
method to the manual method, which could suggest better stress transfer and lessened edge
effects for the round samples opposed to the flat samples. A new method for reporting stress
values, named the limit state stress, was proposed to be considered alongside the ultimate failure
stress typically reported. The limit state stress may be indicative of interfacial behavior, but
further study is required. Single filament data showed that the failure and storage modulus of
single fibers plays a major role in the new limit state stress proposed. Acoustic emission was
used to illustrate that fiber failures and matrix fracturing occurs between the limit stress and
ultimate failure stress, a phenomenon that cannot be visually confirmed. The infused tows
exhibited a rise in acoustic energy at the strain at which the limit stress was proposed for the flat,
round, and unsized round sample geometries.
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1.5 Appendix

Figure 1 - Example setup of impregnation process using the manual and automated
methods described within the ASTM D4018.
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Figure 2 - Single fiber fragmentation mold demonstrating pre-tensioning and impregnation
of the single carbon fiber.

Figure 3 - Example tabbed single filament carbon fiber and impregnated carbon fiber tows
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Figure 4 - Single filament Weibull statistical distribution demonstrating

Figure 5 - Optical micrograph showing fiber fractures exhibiting crack propagation and
interfacial mechanical failure along the fiber.
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Figure 6 - SEM micrograph showing cross-section of commercial grade 24k carbon fiber
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Figure 7 - Distribution of Failure Stress and Modulus for flat and round tows,
demonstrating increased failure stress of the round (manual) tow preparation against the
flat (automated) tow preparation, and the statistically indistinguishable difference in
modulus.

Figure 8 - Example mechanical response for single flat tow test, demonstrating a modulus
drop associated with cracking and delamination of fiber and resin during tensile
deformation.
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Figure 9 - The composite stress/strain response for (A) flat, (B) round, and (C) unisized
round impregnated fiber tows relative to all the raw data.
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Figure 10 - Composite stress/strain and modulus/strain response for samples examined
here, noting that the single fiber modulus continues to increase with strain magnitude,
while tow moduli begin to decrease as sample damage accumulates.
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Figure 11 – Graphical demonstration of limit stress for (A) flat, (B) round, and (C) unisized
round impregnated fiber tows. The decrease in the limit stress for the unsized round and
flat tow relative to the round tow indicates the increase inter-fiber effects from the
manufacturing technique used.
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Figure 12 - Stress strain data with normalized acoustic energy layover demonstrating fiber and matrix fracturing for a) sized
round infused tow b) sized flat infused tow c) unsized round infused tow and d) dry uninfused tow
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Figure 13 - Microscopy showing example cross sections of the infused flat and round tow
demonstrating resin voids, fiber packing, and overall structure.
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Figure 14 - Potential variation in tensioning of the fibers that could occur during
impregnation process.

Table 1 Single fiber fragmentation data
Average
Fragmentation Length
μm
438.47

Standard
Deviation
μm

Critical
Length
μm

166.36

584.63

Interfacial
Shear Strength
MPa
27.01

Failure
Stress
MPa
4433.71

l/d
75.83

Table 2 Cross-sectional area calculations based on linear density/density and SEM average
diameter
Linear Density
g/cm
0.0166

Density
g/cm^2
1.7800

*Calculated based on measured SEM
diameter 30 sample average

Tow Area
mm^2
0.9334

Fiber Area
mm^2
3.89*10^-05

Fiber Diameter
microns
7.04

*Tow Area
mm^2
0.9563

*Fiber Area
mm^2
3.99*10^-05

SEM Diameter
microns
7.12
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Table 3 Comparison of mechanical properties of single filament, manual, automated, and
dry methods

Sample

Single
Filament
Unsized
(Manual)
Method 1
(Manual)
Method 2
(Automated)
Method 3
(Dry)

Average
Average
Average
Ultimate Std.
Average Std.
Limit
Failure
Std. Dev.
Failure
Dev.
Modulus Dev.
Stress
Strain
(mm/mm)
Stress
(MPa)
(GPa)
(GPa)
(MPa)
(mm/mm)
(MPa)
4434

1045

-

260

21

1.85%

0.39%

4739

287

2770

218

10

2.14%

0.20%

5213

137

4130

229

3

2.29%

0.09%

4909

229

3620

231

4

2.26%

0.15%

2163

603

-

217

11

1.23%

0.16%
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CHAPTER 2
THERMAL-MECHANICAL ANALYSIS OF TEXTILE PAN AND THE
STRUCTURE-PROPERTY-PROCESS RELATIONSHIP

30

This chapter is a slightly different version of a paper with the same title that will be submitted for
journal publication by 2019 by Joshua D. Crabtree, Dayakar Penumadu, David Harper, James
Eun, and Merlin Theodore.
My primary contributions to this paper include: (i) development of the problem into a
work, (ii) identification of the study areas, (iii) gathering and reviewing of literature, (iv)
sampling, processing, and analyzing data, (v) pulling various contributions
into a single paper, (vi) writing.

Abstract

Carbon fiber reinforced composites are highly attractive to the automotive, sporting
goods, and aerospace industries due to their high strength, low weight, thermal, physical
properties. However, carbon fiber is relatively cost-prohibitive due to its manufacturability,
namely the precursor. Low-cost carbon fibers have been developed recently however critical
properties including structure-property relationships are not well understood. In this study, three
PAN-based precursor and carbon fiber types with different spin finishes were characterized for
process-property relationships. Precursor and oxidized PAN fiber microstructure were analyzed
using FT-IR for bond characterization, X-ray diffraction for crystallinity, SEM microscopy for
microstructure features of importance and Thermal properties including TGA and DSC.
Mechanical properties such as modulus, strength, failure strain is included for single fiber and
tow. The results indicate the role of spin finish and tenacity is not significant considering the
variation of the properties expected from low-cost carbon fiber. The results indicate the role of
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spin finish and tenacity is not significant considering the variation of the properties expected
from low cost carbon fiber.

2.1 Introduction
Carbon fiber reinforced composites are in high demand for automotive and aerospace
industries due to desirable properties of high strength/modulus, resistance to corrosion, excellent
electrical properties, and low weight. Polyacrylonitrile (PAN) is one of many sources from
which carbon fiber can be produced. Due to slightly higher properties, PAN is typically chosen
over pitch-based or rayon-based fibers for carbon fiber production [22, 23]. As the demand for
carbon fiber continues to increase within industry, there are needs for finding alternative methods
to lower the cost while being able to keep up with the production manufacturing standards[24,
25]. One approach that the Carbon Fiber Technology Facility at Oak Ridge National Lab used
was selecting a cheaper precursor, specifically a textile grade acrylic fiber which had the
potential to cut overall costs by up to 50% [1, 23, 24, 26, 27]. Once a precursor fiber is chosen, it
is desirable to understand the structure of the fiber on an atomic scale, as well as the conversion
process and the effect on the properties [28-35]. It is understood that a cheaper precursor from
the textile industry would have a higher comonomer percentage due to better stretch ratios which
lowers the amount of acrylonitrile than that of the commercial precursor, so it is important to
have the capability to enhance/optimize the properties and tailor to specific applications [25, 26,
36-39]. A common method used by polyacrylonitrile manufacturers during production is to apply
a surface lubricant during the spinning operation called a spin finish. Synthetic fibers lack a
natural lubricating oil which is found in natural fibers (wool, cotton, etc.) and thus require this
spin finish. The application of spin finish to synthetic fibers is important to reduce the static
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charge that can develop due to the fiber to fiber interaction as well as the contact with the metal
roller surfaces [40-42]. This can lead to major problems for the manufacturer’s process without
the dampening of this potential electrostatic charge. The benefits of the spin finish translate to
the carbon fiber manufacturer’s process as well helping to reduce entanglement of fibers and
potential electrical charges that can build up during the conversion process. Another property
that textile manufacturers determine is the tenacity of their fiber. This is a type of specific tensile
strength of the PAN fiber expressed as breaking load per denier with units of grams/denier. This
metric also has a relationship to the modulus of the fiber [43].
In this paper the authors investigate three textile polyacrylonitrile precursor materials,
with either tenacity or spin finish variations, to evaluate the thermal-mechanical properties to
better understand the oxidation effect and conversion to carbon fiber. Analysis of the spin finish
to understand the effect on the mechanical properties was determined. The tenacity was also
analyzed to determine an effect if any on the overall mechanical properties.

2.2 Materials and Methods
2.2.1 Materials
The fibers used in this study included three different precursor materials with some
modifications received from the Carbon Fiber Technology Facility (CFTF). Each fiber tow
consisted of 457,000 individual filaments with a kidney-bean shaped cross-section shown in
Figure 15 [44]. Fiber A and Fiber B have the same spin finish with different tenacities. Fiber A
and Fiber C have the same tenacity but different spin finish. The fibers were oxidized, stabilized,
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and carbonized using the semi-production line at the CFTF, with samples at each stage of the
process.
2.2.2 Characterizations
DSC
Differential scanning calorimetry (DSC) was performed to analyze the three precursors
and the respective oxidized PAN fibers (OPF). A Perkins Elmer under nitrogen atmosphere and a
Mettler Toledo TA1 under air atmosphere were used. A temperature range of 25-500 °C with a
heating rate of 100 °C/min and 20 °C/min was consistent on both systems [34]. Two samples for
each precursor and OPF were prepared by chopping the fiber and placing about 2.5 mg in the
sample cup. The lid was attached with a hole poked in the center to allow for release of volatiles
during testing.
TGA
Thermogravimetric analysis (TGA) was performed using a Perkin Elmer Pyris 1. A
temperature range of 25-900 °C with a heating rate of 10 °C/min under nitrogen was used.
FT-IR
Fourier Transform Infrared spectroscopy (FTIR) absorption spectra were performed with
a Perkins Elmer Spectrum Two FT-IR using a diamond/ZnSe crystal. Using the UATR
(universal Attenuated total reflectance) accessory, repeatable force applied to the sample allowed
for consistent contact with the crystal. The wavelength range analyzed was 500-4000 nm.
XRD
X-ray diffraction using transmission was collected using a PANalytical X’Pert3 MRD on
the three precursors and their corresponding oxidized pan fibers. Interplanar spacing and
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diffraction angles were determined using Equation (1) Bragg’s law. Rearranging Equation 1 we
can determine the interplanar spacing d in Equation 2. The crystallite size is determined from
Equation 3, the Scherrer formula.
𝜆 = 2𝑑𝑠𝑖𝑛(𝜃)

(1)

𝑑=

𝜆
2𝑠𝑖𝑛(𝜃)

(2)

𝐿𝑐 =

𝐾𝜆
𝐵𝑐𝑜𝑠(𝜃)

(3)

Where λ is the CuKα wavelength (1.541 Å), d is the interplanar spacing, and θ is the diffraction
angle, K=0.89 a constant, and B is the FWHM [45].
SEM
Scanning Electron Microscopy (Zeiss Dual Beam FIB/SEM) was used to obtain crosssectional areas of the carbon fibers for single filament testing.
Density
Density measurements were completed using a Micromeritics Accupyc 1340 II with
helium gas. The precursor material and oxidized PAN fiber were dried before measuring the
density to remove any moisture present.
Single Filament Testing
Thirty single carbon fiber filaments of fiber A, B, and C were tested using a MTS Nano
Bionix Universal Testing Machine (UTM) based on ASTM C 1557-03 and ISO 11566 standards
displayed in Figure 16. The Nano UTM is very precise with a 1 nanometer displacement
resolution and a 50 nano-newton load resolution. Modified grips help with the accuracy of
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mounting and testing of single fibers based on ASTM and ISO standards [11-15]. The Weibull
Distribution method was used to analyze the mechanical properties of the three single fiber data
sets with a strength and scale parameter [15, 16].
Tow Testing
ASTM D4018-11 was used to prepare infused carbon fiber tows using EPON Resin 862
(Diglycidyl Ether of Bisphenol F) mixed with the viscosity reducer Cardura E10 (Glycidyl Ester)
using 6.49:1 ratio. This mixture is then combined with the hardener Epikure Curing Agent W
with a 3.9:1 ratio. Samples were infused in a resin bath manually, sufficiently wetting the tow,
and pulled through a 2.03 cm diameter nozzle (Wilton #3) to control resin content. The tow is
then attached to a custom strand rack and pulled taut to maintain tension through the curing
process. Once all samples are attached the rack is placed in the oven and a curing process of 93
°C for 1 hour and then ramped to 180 °C for 1.5 hours. Samples were then cut to 9 in lengths and
G10 glass tabs were applied at the ends to give a 150mm gage length shown in Figure 17.
Tensile testing was performed on a 25 kN load cell capacity MTS servo-hydraulic with a
crosshead rate of 30 mm/minute shown in Figure 16. A 25.4 mm gage length extensometer was
used to accurately record strain data.

2.3 Results and Discussion
2.3.1 FT-IR Spectra Analysis
The FT-IR spectra of the three PAN and OPF fibers shown in Figures 18 and 19 show
that each of the fibers, regardless of the spin finish and tenacity, are remarkably similar with a
few slight differences. This demonstrates good agreement to literature IR spectra for
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polyacrylonitrile precursor and oxidized PAN fiber [37, 38, 46, 47]. Many IR peaks for
polyacrylonitrile are due to the CH2, C=O, C─O, C─H, and C≡N bonds present. The absorption
peaks in the range 2930-2850 cm-1 are from the various C─H bonds [46]. The peak at 2242 cm1 is related to the nitrile (C≡N) presence [47]. The peaks at 1732 cm-1 and 1166 cm-1 are
representative of the comonomers present which is likely vinyl acetate (VA) or methyl acrylate
(MA) [39, 47, 48]. Aliphatic CH vibration along the polyacrylonitrile backbone is very clear
with the 1452 cm-1 and 1361 cm-1 peaks [37]. According to Sungho Lee et all. the 1070 cm-1
peak could be represented by S=O group potentially remaining from a DMSO solvent [38].
When the precursor is oxidized there are evident peaks that decrease, and new peaks appear as
shown in Figure 19. Oxidized PAN fiber IR spectra shows a decrease in the peaks around 2900
cm-1, release of HCN, and 2240 cm-1 and an increase in the peak 1583 cm-1 which is due to the
cyclization process that began [39, 47]. During this process there is also dehydrogenation
reflected in the decrease of the peak around 1450 cm-1 and the increase of the 1360 cm-1 peak.
The 800 cm-1 peak develops from =C-H groups from what appears to be oxygen aromatization
due to stabilization in air [37].
2.3.2 X-Ray Diffraction Microstructure
For a more thorough understanding of textile-based PAN microstructure, it is important
to determine the baseline of accepted commercial PAN molecular structure. Figure 20 shows the
model widely accepted for polyacrylonitrile fiber demonstrating the helical macromolecule,
macromolecule orientation and the individual fibril. Given the information of the macromolecule
structure of the PAN fiber we can determine that the peak at ~17° in Figure 21 is from the planar
spacing shown in Figure 20a). The peak at ~29° can be determined to fibril diffraction from
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Figure 20b) between the paracystalline domain and amorphous domain. In Figure 21 a new peak
develops at ~25.5° in the OPF that wasn’t in the precursor. This is due to the transformation
occurring in the polymer structure which corresponds to the graphitic structure [49].
The X-ray diffraction results and orientation of the three textile PAN precursors and
oxidized fibers were all extremely similar and an example of the peaks are shown in Figure 22.
Fiber B in Figure 22a has less intensity than fiber A or C at the same peak locations which could
indicate less orientation for the higher tenacity fiber. Figure 22b shows fiber A and B are
practically identical with a higher intensity in peak 1 than peak 2. This is not the case with fiber
C which shows peak 2 overtake peak 1 in intensity. This could be an indicator of oxidation being
marginally better because of the more proper formation of this pre-graphitic peak [49]. The
orientation of the fibers shown in Figure 22c and 22d indicate that each precursor and OPF fibers
are very well orientated. Table 22 demonstrates how similar the 2θ peak locations for the
measured XRD patterns are as well as show the slight differences in the chi/azimuth scan of the
orientation. Using the 2θ information, the structural parameters of the d-spacing was also
determined. Overall the spin finish and tenacity didn’t seem to have an impact on the atomic
structure of the precursor or the oxidized PAN fiber and the textile-based material is highly
similar to its commercial counterpart.
2.3.3 Thermal Characterization
Thermogravimetric analysis (TGA) shows the moisture and various volatiles present
within the fiber samples. It also offers an insight to how the fiber will breakdown when exposed
to thermal treatment as well as show the mass loss. Figure 23 shows the mass loss trend for all
three precursors and oxidized PAN fibers. There is a consistent trend that each of the precursors
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at 345 °C begins to lose mass which indicates a chemical reaction beginning which releases
volatile gases and shows good agreement with the DSC curves shown in Figure 11. At 500 °C
the fiber is now starting to oxidize while releasing HCN and NH3 which shows stabilization. The
oxidized PAN fiber TGA in Figure 23 shows a decrease around 100 °C which can be attributed
to moisture. Each fiber type indicated comparable trends as the mass loss occurred through the
heating cycle.
A study of how the environment and heating rate affects the thermal analysis of the
precursor and OPF fibers shown in Figure 24. A comparison between a fast heating rate of 100
°C/min and a slow heating rate of 20 °C/min demonstrated some variation, especially in the
nitrogen atmosphere. The rate didn’t seem to have much of an effect on the air atmosphere, but
the location of the peaks and enthalpies didn’t seem to match literature. It was determined that
for this research purpose, the nitrogen 100 °C/min produced the most accurate data. The
differential scanning calorimetry (DSC) curves for the precursor A, B, and C showed similar
onset temperatures and measured enthalpies shown in Table 5 and Figure 25. Fiber A contains a
more intense peak which could attribute to the spin finish, but it is unlikely since Fiber B has the
same spin finish with less intensity. The peaks for each of the fiber types are virtually identical
showing that spin finish and tenacity ultimately didn’t affect the thermal precursor properties.
Analysis of the oxidized PAN fiber is shown in Figure 26 for each of the fiber types.
There are two distinctive peaks for each of the fiber types. The first broad peak appears at about
100 °C which are not observed in the precursor DSC data. This could be attributed to the heat
input needed for evaporation of moisture. After oxidation there is a change in the structure of the
polymer and is more susceptible to pick-up moisture. The second peak is around 350°C with a
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little more variation in the OPF data then that of the precursor, but still very comparable. The
enthalpy ratios of the OPF/precursor for fiber A, B, and C are 64%, 79%, and 78% respectively.
This is a potential metric to indicate a degree of oxidation and to help determine if the fiber
oxidation is the best it can be to maximize the mechanical properties once converted to carbon
fiber.
Density measurements were taken of the precursor and OPF following the procedure
mentioned in characterizations. It is notable that the densities among the fiber types are really
similar to each other at the precursor and OPF stage. There is an increase of ~.2 in density from
precursor to OPF due to the oxidation of the fiber. The carbonization process increases the
density about .3-.4 which is expected due to the carbonization process.
2.3.4 Mechanical Behavior of Textile Carbon Fiber
Weibull distribution was assessed for the single filament data of the three fiber types and
a commercial fiber. The Weibull distribution works very well with carbon fiber using the
weakest link immediately fails approach. As the fiber length increases the chance of the weakest
link increases and vice versa. This is automatically covered in Weibull where normal distribution
assumes it doesn’t matter where you choose the mean and standard deviation is the same. Using
a 2 parameter Weibull distribution provides a strength and shape factor. The strength factor
represents an equivalent to the mean in a normal distribution. The shape factor offers insight into
the relative uniformity. In this study (Table 6) a commercial fiber was tested for a baseline of
strength and shape factor giving 4849 MPa and 4.59 respectively. Textile carbon fiber’s strength
parameter is about half of the commercial fiber showing tensile strength limitation that needs to
continue to improve. The scale parameter is also less than half of the commercial fiber showing
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the uniformity issues within textile carbon fiber which could be due to the kidney bean shape of
the fiber itself. Comparing the Weibull distributions shown in Figure 27 without the commercial
fiber demonstrates that fiber A and C are nearly identical. This shows that the spin finish did not
affect the overall single fiber tensile strength. Fiber B as mentioned earlier has a higher tenacity
which intuitively influences the mechanical properties.
Assuming a normal distribution of the single carbon fibers of fiber A, B, and C shows an
average failure stress of 2177, 2325, and 2164 MPa respectively shown in Table 7. A high
standard deviation for each of the fiber sets could be attributed to the fiber being textile-based.
Comparing the data of each fiber set shows that that fiber A and C are more similar with fiber B
having slightly higher properties. This could be due to the processing conditions, but also could
show that the higher tenacity influences the mechanical properties. The modulus data could be
skewed since most tests didn’t reach the required strain needed to calculate accurate data.
Comparing the single filament tensile strength data to the tow data in Table 8 demonstrates
the information is very similar. The fiber tow properties are slightly higher with an emphasis on
the failure stress and strain. Additional analysis would need to be completed, but one assumption
could be that the fiber tow properties include the interfacial properties and stress transfer that
would allow for the ability to exceed the single fiber properties. Analyzing the three fiber types
in Table 8 shows the properties are all within 1.50% of their respective values. Based on these
results we can determine that the spin finish and tenacity variation didn’t provide an influence on
the final tow properties.
To help with the analysis of the data, confidence intervals were determined. The distributions
calculated from sample testing are substituted in the following format to construct confidence
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intervals predicting the mean value of failure stress for all precursor populations at a 95%
confidence level: (𝑦 − 𝑧∝ ∗
2

𝜎
√𝑛

𝜎

, 𝑦 + 𝑧∝ ∗ √𝑛). The confidence intervals, assuming a normal
2

distribution, represent all estimates within two sigma limits of the mean value, meaning that they
contain the inner 95% of the estimated population proportion. The confidence intervals for the
mean values follow:
1. Fiber A (2353.718, 2659.51)
2. Fiber B (2372.903, 2566.282)
3. Fiber C (2463.277, 2549.03)
Following the calculation of the fiber type confidence intervals, the two-sample t test for
difference of means is used to compare the distributions of each precursor using equation 4.
𝑡=

𝑋𝐴 − 𝑋𝐵
𝑆2 𝑆2
√ 𝐴+ 𝐵
𝑛𝐴 𝑛𝐵

(4)

We assume the test null hypothesis to be 𝐻𝑜: 𝜇𝐴 = 𝜇𝐵 meaning that the mean failure stress of the
samples being tested are equivalent. The alternative hypothesis proposed is 𝐻𝑎: 𝜇𝐴 ≠ 𝜇𝐵
meaning there exists a statistically significant difference in the failure stress mean values. The
sample distributions can be used in the testing interchangeably. The t values and P-values
calculated for all three comparison tests follow:
All t tests were conducting using the sample size (10) – 1 = 9 degrees of freedom.
1. Fiber B vs Fiber C
a. T value: (-0.677504)
b. P = 0.515122
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2. Fiber C vs Fiber A
a. T value: (-0.005683)
b. P = 0.99559
3. Fiber B vs Fiber A
a. T value: (-0.401107)
b. P = 0.697968
At an assumed α level of 0.05, all tests fail to reject the null hypothesis. There is not
sufficient information to provide that there is a statistically significant difference in the mean
values of failure stress between any of the 3 sample groups. The P values represent the
probability of finding a more extreme t statistic for difference of mean failure stress. A high
value of P, such as 0.99559 from the second test means that the probability of the difference in
the means occurring in the circumstances of the null hypothesis is almost 1 of 1. Further testing
needs to be conducted on various levels of spin finish and tenacity to determine effect and
significant outcomes.

2.4 Conclusions
Three textile precursors were received and converted to carbon fiber using a conventional
conversion process. The precursor and oxidized PAN fiber were characterized by
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), X-ray diffraction,
and Fourier Transform Infrared spectroscopy (FT-IR). Additionally, single filament and infused
tow testing were performed on the carbon fibers of each fiber type. The FT-IR spectra for the
precursor and OPF material showed consistent peaks with literature and between each fiber type
showing little difference. The TGA analysis of the precursor and OPF material demonstrated
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almost identical mass loss trends between fiber A, B, and C. DSC analysis was completed for the
precursor and OPF material as well. This showed very similar onset temperatures, peak
temperatures, and the enthalpies calculated. Ratios were calculated between the precursor and
OPF for fiber A, B, and C which were 64%, 79%, and 78% respectively. This could be a
representation of the oxidation and the potential of the fiber not being fully oxidized before
entering the subsequent process in the conversion. X-ray diffraction demonstrated the atomic
structure of the three fiber types were practically identical regardless of the spin finish or
tenacity. The data from the single fiber testing showed that the spin finish had no effect on the
final properties of the carbon fiber, but the tenacity did have a slight increase in properties. Tow
testing was completed on the fiber types, and we found the tightest distribution was with Fiber C
which seemed to perform better within the measurement error. In general, we didn’t see big
changes which indicate this process is more flexible in terms of the what precursor that one uses
during oxidation and carbonization process. The initial analysis results indicate that the spin
finish didn’t influence the overall thermal and mechanical properties despite potential processing
variation. Tenacity did cause a slight effect on the single fiber properties, but it can’t be ruled out
that the processing differences could’ve contributed to this. In general, the conclusions of low
cost carbon fibers show more deviation in property variation, with modulus looking consistent
but the tensile strength much lower than commercial.
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2.5 Appendix

Figure 15 - SEM comparing the a) kidney bean cross-section shape of the textile carbon
fiber b) circular cross-section of commercial carbon fiber

Figure 16 - Example tensile testing setup of a) single fiber testing using the Nano UTM and
b) infused tow testing using the MTS test system
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Figure 17 - Example procedure of a) fiber tow resin infusion b) rack attachment to keep
taut c) final tabbed strand

Figure 18 - FT-IR spectra of textile PAN precursors A, B, and C showing surface
functional groups before the oxidation process.
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Figure 19 - FT-IR spectra of the textile PAN fibers A, B, and C after oxidation
demonstrating surface functional groups increase/decrease from the precursor.

Figure 20 - Schematic illustration of the PAN structural levels: a) macromolecule helical
structure; b) macromolecular orientation; c) fibril.Note: Reprinted from Violeta Florina
Anghelina et al. Structural analysis of PAN fiber by X-ray diffraction, Journal of Science
and Arts 1(12) (2010) 89-94 [50]
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Figure 21 - X-ray diffraction patterns for a) commercial PAN pure and oxidized b) textile
PAN pure and oxidized Note a) is a reprint from R. B. Mathur “Structure of thermally
stabilized PAN fibers”, Carbon 29(7) (1991) 1059-1061 [49]
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Figure 22 - Comparison of x-ray diffraction pattern for the 2θ a) precursor fiber A, B, and
C b) OPF fiber A, B, and C; and orientation comparison of c) precursor fiber A, B, and C
and d) OPF fiber A, B, and C.
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Figure 23 - TGA thermogram (nitrogen atmosphere) of the three precursors and oxidized
PAN fibers showing mass loss prior to carbonization ad showing good agreement to the
DSC thermal information.

Figure 24 - DSC analysis comparing a fast and slow heating rate and the effect the
environment has on the thermal analysis using nitrogen (inert) atmosphere and air
atmosphere.
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Figure 25 - DSC thermogram of the precursor for fiber A, B, and C showing similar peak
temperatures and measured enthalpies.

Figure 26 - DSC thermogram of the oxidized PAN fiber A, B, and C demonstrating similar
enthalpy values for each fiber and a peak at `100 °C indicating moisture evaporation.
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Figure 27 - Weibull distribution of single filament data for fiber A, B, and C showing
consistent strength and scale parameters. The low scale parameters (1.66, 1.89, 2.08)
demonstrate high strength variation.
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Table 4 X-ray diffraction peak locations, full width half max (FWHM), d-spacing, and
stack height for Fiber A, B, and C precursor and OPF.
Precursor

Fiber A
Fiber B
Fiber C

Fiber A
Fiber B
Fiber C

Peak 1

Peak 2

FWHM

FWHM

(2θ)
16.93
16.91
16.92

(2θ)
29.50
29.51
29.49

(°)
0.929
0.941
0.918

(°)
1.361
1.202
1.325
OPF

Peak 1

Peak 2

FWHM

FWHM

(2θ)
16.73
16.56
16.74

(2θ)
25.73
25.50
25.73

(°)
4.376
3.893
6.196

(°)
8.384
8.621
8.957

d(100)

d(110)

(Å)
(Å)
0.939 0.943
0.935 0.945
0.937 0.939

d(100)

d(002)

(Å)
(Å)
0.883 2.615
0.847 4.231
0.886 2.619

Lc

Lc

(Å)
1.492
1.473
1.510

(Å)
1.042
1.180
1.070

Lc

Lc

(Å)
0.317
0.356
0.224

(Å)
0.168
0.163
0.157

Chi
Peak 1
FWHM
(°)
37.539
42.774
32.659
Chi
Peak 1
FWHM
(°)
59.562
56.407
47.303

Table 5 DSC thermal characterization analysis data demonstrating similarity of Fiber A, B,
and C
Material
Precursor Fiber A
Precursor Fiber B
Precursor Fiber C
OPF Fiber A
OPF Fiber B
OPF Fiber C

Density
g/cm^3
1.2236
1.2057
1.2080
1.3878
1.3733
1.3938

Enthalpy
J/g
586
535
526
377
424
409

Onset
°C
344
343
346
281
274
273

Peak
°C
359
361
363
354
352
351

Table 6 Single filament Weibull strength and shape parameters

Commercial Fiber
Fiber A
Fiber B
Fiber C

Weibull Strength Parameter
MPa
4849
2447
2652
2457

Weibull Shape Parameter
4.59
1.66
1.89
2.08
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Table 7 Average single filament mechanical results using normal distribution

Commercial Fiber
Fiber A
Fiber B
Fiber C

Failure
Stress
MPa
4434
2177
2325
2164

St. Dev.
MPa
1045
1443
1221
1093

Failure
Strain
mm/mm
1.85%
0.65%
0.68%
0.66%

St. Dev.

Modulus

St. Dev.

mm/mm
0.40%
0.42%
0.49%
0.38%

GPa
260
350
378
340

GPa
21
167
185
131

St. Dev.

Modulus

St. Dev.

mm/mm
0.08%
0.05%
0.04%

GPa
257
265
263

GPa
12
12
8

Table 8 Infused tow mechanical properties
Density
Fiber A
Fiber B
Fiber C

g/cm^3
1.7486
1.7648
1.7738

Failure
Stress
MPa
2507
2470
2506

St. Dev.
MPa
260
164
73

Failure
Strain
mm/mm
0.99%
0.97%
0.97%
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CONCLUSION
1. ASTM D4018-11 was used to prepare the impregnated fiber tow samples using the
suggested automated and manual methods. There was about a 6% increase in ultimate
failure stress from the automated method to the manual method.
2. Proposed a new parameter limit stress which use the single fiber inherent properties to
show when the sample deviates from nonlinearity. This could be potentially used as a
quick way to help determine interfacial behavior between fibers and different matrix
systems.
3. FT-IR, XRD, DSC, and TGA analysis of the three precursors and OPFs showed little
variation despite the differences of spin finish and tenacity.
4. Single fiber and infused tow testing indicates that there is more deviation in mechanical
properties than commercial fiber, but the role of spin finish and tenacity has minimal
effect demonstrating the flexibility of low-cost textile PAN precursor.
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